INTRODUCTION
The state of Alagoas stands out as the largest sugarcane producer in Northeastern Brazil and the fifth largest in the country. The state lost the second position that it has been held for years, since its production has stagnated in the past two decades, while the country has doubled its area. In addition, the average yield is much lower (53.9 t ha -1 ) compared to the other states, such as São Paulo and Minas Gerais, where yield is above 70 t ha -1 (Abreu et al., 2013) . It is essential to improve the level of technology used in sugarcane cultivation in the state to increase the yield of sugarcane fields.
To obtain high yield, it is necessary to cultivate varieties with high yield potential and adapted to local conditions. In the state of Alagoas, there is good availability and use of productive varieties, as it hosts important genetic improvement programs for sugarcane. However, there is a significant difference between yields obtained and productive potential, showing that it is necessary to properly plan agricultural activities to reduce this difference. Dynamic crop growth models are tools used to assist in this planning. They allow greater understanding of the crop and its behavior in different management scenarios and climate, assisting in decision making (Thorp et al., 2008; Marin and Jones, 2014; Carvalho et al., 2015) .
The DSSAT model (Decision Support System for Agrotechnology Transfer) has been used to simulate sugarcane growth: Dry biomass partitioning (Singels and Bezuidenhout, 2002) ; tiller density and light interception (Bezuidenhout et al., 2003) ; water extraction, growth and sucrose accumulation in water stress conditions (Singels et al., 2010) and forecasts for future scenarios with climate change (Knox et al., 2010; Silva, 2012; Marin et al., 2012; Jones et al., 2015) . In Brazil, DSSAT is used to simulate the growth and production variables of different sugarcane varieties in São Paulo (Nassif et al., 2012) , analyze the impact of climate change on sugarcane productivity in Bahia (Silva, 2012) and São Paulo (Jones et al., 2015) .
However, in order to obtain good yields and great longevity of sugarcane plantations, the planting time and agricultural practices during sugarcane plantations should be rigorously planned and performed in order to guarantee good and rapid crop establishment in the field (Fietz et al., 2015) . Thus, the use of these agricultural models is of great importance for the planning and performance of these activities.
The results of the above studies report that the DSSAT model is a promising tool for the simulation of sugarcane growth and yield. Thus, the aim of this study was to determine the best time of planting for the sugarcane crop using the DSSAT/CANEGRO model for the region of Rio Largo, state of Alagoas, Brazil.
MATERIAL AND METHODS

Experimental data
Data measured in the field were obtained by Almeida et al. (2008) in an experiment carried out in the experimental area of Agrometeorology, Center for Agricultural Sciences (CECA) of the Federal University of Alagoas (UFAL), Rio Largo, Alagoas, Northeastern Brazil. The region of Rio Largo (9°28'S, 35°49'W, 127 m) is known for intense sugarcane cultivation due to the presence of semi-humid and hot climate with rainy season between March and August and dry season from September to February. The average annual rainfall is 1,800 mm, the average annual temperature is 25.4 °C and average relative humidity above 70% (Souza et al., 2004; Ferreira Junior et al., 2014) .
The soil of the experimental area is classified as Cohesive Argisolic Yellow Latosol medium-clay texture according to analysis of the Department of Soil Physics at CECA/ UFAL, with mild topography and slope less than 2%. The experimental design was a randomized blocks design with five replicates and four treatments. The experiment was conducted in an area of 500 m 2 subdivided into plots of five cultivation lines with 4 linear meters. The sugarcane variety evaluated was RB93509 in two crop cycles (plant crop and ratoon crop . A fertilization applied to the ratoon crop was in the same quantity of plant crop. Liming and fertilization were applied according to the chemical analysis of soil. Irrigations performed on the stages of establishment in both cycles were based on crop evapotranspiration (ET c ), calculated by multiplying the reference evapotranspiration (ET o ) by single K c of FAO-56 (Allen et al., 1998) . Detailing the cultivation and growth analyses are presented in Almeida et al. (2008) . The meteorological elements (global solar radiation, maximum and minimum air temperature, rainfall, wind speed and air humidity) were measured in an automatic agrometeorological station (Micrologger CR10X, Campbell Sci., Logan, Utah).
DSSAT model
For the simulation of sugarcane growth and development variables, the CANEGRO model was used, which is included in the DSSAT model (Jones et al., 2003; Singels et al., 2008) . The DSSAT model is free software used by students from around of the world in research aimed at simulating the productivity of several agricultural crops. The parameterization of the DSSAT/CANEGRO model consisted of inserting climate data [global solar radiation (W m -2 ), maximum and minimum air temperature (°C), rainfall (mm), wind speed (m s -1 ) and air humidity (%)] and soil data [classification, texture (sand, silt and clay content), density and pH] of the study area. In addition, the model also requires data that regulate the hydrophysical soil properties such as field capacity, permanent wilting point, water saturation and soil depth, based on processes of sugarcane growth and development modeling, including phenology, canopy growth, biomass and sucrose accumulation, partitioning, root growth, water stress and lodging (Nassif et al., 2012; Ritchie, 1998; Singels et al., 2008) . Crop management data (variety, spacing between rows, plant population, and information regarding the amount and date on irrigation and fertilization application) are also required.
The model was fitted through changes made on specific parameters related to sugarcane crop (Table 1) , from a variety (NCo376) previously calibrated in the DSSAT/ CANEGRO model as suggested by Singels et al. (2008) .
Planting times simulated by the DSSAT model
Fresh and dry matter yield at different planting times was analyzed using the DSSAT model. 
Statistical analysis
The model performance for simulations of the growth variables of sugarcane varieties (fresh matter and dry matter production, number of tillers, Leaf Area Index and plant height) was quantified by different statistical tests, such as: Model Error (± 20%), Root Mean Square Error (RMSE) and determination coefficient (R 2 ). To determine the best planting time, the method of percentiles was used, in which 1, 20, 50, 80 and 99 percentiles were calculated.
RESULTS AND DISCUSSION
Evaluation of the DSSAT/CANEGRO model Growth variables analyses
The fresh and dry matter production ( Fig. 1 ) simulated by the model were close to values obtained in the field experiment. In the plant crop cultivation, fresh matter simulated was 110.9 t ha -1 , which was only 0.6% above the obtained in the field (110.3 t ha -1 ). Abreu et al. (2013) analyzed the productivity of six varieties for three cycles, and this variety stood out in plant crop cultivation. In many variety competition experiments conducted in Northeastern Brazil, this variety has stood out (Abreu et al., 2013; Almeida et al., 2008; Teodoro et al., 2015) . For ratoon crop cultivation, the model overestimated by 11%. This estimate error value is less than ± 20% within an error range considered acceptable. Nassif et al. (2012) found similar results for variety RB67515, in which the same model overestimated the fresh matter accumulation throughout the plant crop cycle.
For the dry matter, the model also underestimated the plant crop cultivation and overestimated the ratoon crop, but showed higher estimation errors. The value found for plant crop was 37.8 t ha . Silva (2012) observed dry matter content of 50 t ha -1 in variety RB92579. In ratoon crop, the simulated value was 35.6 (18.1%) t ha -1 . It was observed that the dry matter productivity simulated by the model also showed higher errors for ratoon crop, although most of the results are within the acceptable error (± 20%). Singels et al. (2008) , Marin et al. (2011) , Marin and Jones (2014) reported high variations in the estimate of this parameter in the modeling. Although satisfactory, results show a slight deficiency in the fresh and dry matter yield simulation model in ratoon crop and that can still be adjusted. Aerial mass (fresh mass of stalks, leaves, and moisture) at which lodging start. 220 220 de Carvalho, et al. Increased tillering was sharp early in the cycle, peaking at 120 DAP in the first cycle (plant crop) and 60 CAD in the second cycle (ratoon crop) (Fig. 2) . After the occurrence of the peak tillering, there was a sharp decline, with 50% natural reduction in plant population (Almeida et al., 2008) . This variety differs considerably in tiller number, and in general and the value produced was 8.3 and 10.5 plants m -2 in plant and ratoon crops, respectively, whose values are similar to other Brazilian varieties simulated in the same model (Nassif et al., 2012) . These results showed good correlation with validated values and generated R 2 values of 0.69 and 0.80 for plant crop and ratoon crop, respectively. The RMSE values were low, confirming the good correlation. The model could not predict the tillering trend curve in ratoon crop, even if the final value has been the same of the standard range (NCo376) ( Table 1 ). This difficulty may be due to the tillering standard of the variety in the first ratoon procedure, which does not follow the quadratic representation of trend curves as a function of time. In evaluating the relationship between the number of tillers as a function of time in three cycles (plant, ratoon and r-ratoon) of six varieties in the same region, variety RB92579 in ratoon crop was the only one who did not follow this trend (Abreu et al., 2013) .
In simulation in plant crop, the model tended to anticipate the peak tillering in approximately 30 days (90 simulated DAP, 120 observed DAP). Nassif et al. (2012) , and Marin et al. (2011) observed the same precocity trend for other Brazilian varieties, which can be related to their growth patterns that show rapid growth in the early stages and increased leaf area causing increased light interception by higher plants and shading of lower plants (Marin and Jones, 2014) . This shows that the tillering rate is highly correlated with the light interception by the canopy (Bezuidenhout et al., 2003) . However, the model calculates this rate only as a function of air temperature (Marin and Jones, 2014) .
For ratoon crop, simulating the peak coincided with values observed in field. Comparing the simulated tillering data to those observed, the results of the statistical tests in plant crop were: R 2 = 0.69 (plant crop) and R 2 = 0.80 (ratoon crop), and RMSE = 3.2 (plant crop) and RMSE = 2.0 (ratoon crop). However, the model satisfactorily represented the sharp decline in the number of plants after plants reached that peak. The maximum tillering value measured was 19.1 plants m -2 (plant crop) and 17.9 m -2 plants (ratoon crop). The maximum tillering value simulated by the model was close to measured values, with 27.6 to 20 plants m -2 (plant crop) and 27.1 to 20 plants m -2 (ratoon crop), with errors, in most simulations, less than 12%. This tillering pattern is similar to that described by Bezuidenhout et al. (2003) and by Marin and Jones (2014) , as well as the standard variety (NCo376) of the model (Singels et al., 2008) . This contributed to a better fit for this parameter in this variety.
The model satisfactorily simulated the Leaf Area Index (LAI) values and also the trend of growth curves in both crop cycles (Fig. 3) . Comparing the simulated LAI data to those observed, the results of statistical tests were R 2 = 0.87 (plant crop) and R 2 =0.73 (ratoon crop), and RMSE = 0.5 (plant crop) RMSE = 0.9 (ratoon crop). These results can be considered acceptable when compared with results from other research that studied LAI simulations, RMSE of 0.82 (Silva, 2012) , R 2 from 0.92 to 0.98 and RMSE from 0.42 to 0.73 (Nassif et al., 2012) , RMSE of 0.89 (Marin and Jones, 2014) , R 2 of 0.78 and RMSE of 1.0 (Marin et al., 2011) .
The results showed continued growth, increasing in plant crop by the end of the cycle, reaching maximum value of 3.7 m 2 m -2
, but in ratoon crop, LAI was reduced from the maximum value, which was 4.9 m 2 m -2 at 210 DAP (Fig. 3) . (-23%) in 180 DAP in ratoon crop.
In the simulated LAI curves, a decline between periods from 130 to 180 DAP was observed, and then returning to growth. This was due to the model's response to the occurrence of water deficits during this period. However, under field conditions, this decline was not observed, but rather a reduction in the growth rate of LAI, but it continued to grow, only more slowly than in the period before and after the water stress (Almeida et al., 2008) . Sugarcane crop has several mechanisms to reduce the effects of water stress on crop growth, highlighting the variety that is the most widespread in Northeastern Brazil, where environmental conditions vary widely. These mechanisms hinder the modeling, while Bezuidenhout et al. (2003) and Van Antwerpen (1998) consider that DSSAT simulates very severely the effects of water stress on sugarcane crop. This indicates that this model has some limitations for crop simulations under rainfed conditions and therefore, further studies on the effect of drought on the development of LAI and canopy should be conducted (Marin and Jones, 2014) .
Plant height simulated by the model showed good performance, although in ratoon crop, the model showed higher errors (Table 2 ). Plant height was simulated at 2.3 cm (1.0%) in plant crop and 2.1 cm (-19.1%) in ratoon crop.
Water balance analyses
DSSAT model simulated accumulated transpiration and evaporation with good performance, for both plant crop and ratoon crop. Initially, evaporation was higher than transpiration due to slow sugarcane growth, but in all cases total accumulated transpiration was higher (Fig. 4) . The model obtained good performance in crop evapotraspiration (ETc) simulations, but these simulations were overestimated. ETc was simulated at 1330 mm (23.8%) in plant crop and 1159 mm (18.2%) in ratoon crop.
According to Allen et al. (1998) in field conditions, the relationship between the evaporation of the bare soil and ETo generally ranges from 25 to 40%. In this study it was not possible to estimate it, but we calculated the relationship between evaporation (E) and transpiration (T) with real (ETr) and crop evapotranspiration (ETc). The E/ETr was 44% in plant crop and 32% in ratoon crop, and T/ETr was 56% in plant crop and 68% in ratoon crop. The E/ETc a b de Carvalho, et al. was 32% in plant crop and 20% in ratoon crop, and T/ETc was 42% in plant crop and 42% in ratoon crop.
LAI x water stress
Analyzing LAI behavior in relation to water stress for growth it was observed that these components are inversely proportional (Fig. 5) . In plant crop, the period with less rainy days occurrences (until 230 DAP) the crops suffered influence of water stress, which had direct impact over their growth and consequently reducing LAI values. Irrigation use was just done to minimize the effect of water stress in these drier periods. In the beginning of the development of LAI, it was observed that water stress was not intense (around 100 DAP) and then a slight increase occurred, but as water stress became more intense LAI values were reduced. After that (230 to 330 DAP), crops did not suffered with water stress because rain occurrences, so that LAI values became to increase again (final value greater than 3 m 2 m -2
). In ratoon crop, LAI values were favored in the beginning of the cycle because greater demand of water (until 170 DAP). After that, the crops suffered an intense water stress (200 a 280 DAP) reducing LAI values (final value greater than 1.5 m 2 m -2
). According to Boutraa et al. (2010) water stress lead to growth reduction, which was reflected in plant height, dry weight, leaf area and other growth functions.
Evaluation of different planting times for sugarcane
After calibration, the DSSAT model was used in several simulations to obtain the best planting times of sugarcane for the region of Rio Largo. Large fluctuations were observed among fresh and dry matter values simulated at the different planting times considered (Fig. 6) . The results in Table 3 show that the best times to plant sugarcane occurred on October 30 and November 30 (99 th and 80 th percentiles respectively), obtaining fresh matter values of 101.9 and 99.9 t ha -1 and dry matter values of 28.2 and 27.6 t ha -1
. . In addition, it could be concluded that if sugarcane is planted after January 15, productivity would be from 8 to 42.5% lower than the best-yielding season (October 30). According to Meneses and Resende (2016) in a study carried out in Coruripe-AL, planting sugarcane in November resulted in the lowest soil water deficit and highest effective rainfall value, making it the planting month with less need for irrigation. On the other hand, planting sugarcane in February resulted in higher water surplus, presenting greater need for irrigation. Fig. 7 shows sugarcane yield results sequentially obtained. It was observed that from August 15, there was a significant increase of fresh and dry matter until reaching the maximum value, previously mentioned, on October 30. From this, there is a constant decreasing evolution until the 15 th of April (final date considered in simulations), where the minimum value was observed. According to Meneses and Resende (2016) , sugarcane plantations in Coruripe-AL performed on October, November and January maximized stalk and sugar yields, while plantations on February minimized them. It was also observed that productivity difference between the most recommended times (October to December) is lower than that observed between less recommended times (January to April). This a b de Carvalho, et al. means that a delay or an advance in planting compared to the most recommended times will not have major impacts.
From these results, the real impact of El Niño-Southern Oscillation events (El Niño and La Niña), which is a climatic event that brings serious consequences to rainfall occurrences in different parts of the world was also evaluated. According to Carvalho et al. (2013) , the rainy or crop season is modified in relation to its normal occurrence due to the occurrence of an El Niño or La Niña events. According to the author, in El Niño years, the rainy or cultivated season is delayed in its occurrence, also causing a shortening in the total cycle, whereas in La Niña years, anticipation occurs due to the greater occurrence of rain, causing an increase in the total cycle. However, these modifications are more intense when there is an ENSO event with strong intensity. These changes can pose serious risks to the final sugarcane yield if planting is not carried out in an adequate period.
Thus, it was observed that when an event, both El Niño and La Niña occurred, as shown in Table 3 , the most recommended time for sugarcane planting did not change (October 30 to the 99 th percentile) compared to normal occurrence, presenting small variances in final yield. This means that the occurrence of a simple ENSO event did not characterize major changes in the best planting time of this crop.
However, when observing the occurrence of ENSO events with different intensities (weak, moderate or strong), it was observed that considerable changes in relation to the best planting time may occur (Table 4 ). In the occurrence of El Niño event of strong intensity such as that occurred in 1983, the most recommended time for planting to the 99 th percentile was January 15 (110.6 and 30.4 t ha -1 , respectively, for fresh and dry matter). This result was also observed in 1993, which was preceded by an El Niño event of moderate intensity and as a consequence presented low annual precipitation, being considered the driest year of the entire data series, while with the occurrence of a La Niña event of strong intensity, such as that occurred in 1974, the most recommended planting time was September 30 (95.8 and 26.5 t ha -1 , respectively, for fresh and dry matter).
These changes can be explained by changes in the occurrence of the rainy and cultivation season, by delaying and shortening (El Niño) and by anticipating and increasing (La Niña) the total cycle, as observed by Carvalho et al. (2013) .
CONCLUSIONS
The DSSAT/CANEGRO model showed satisfactory performance in simulations of growth variables (fresh and dry matter production, tillers, LAI and plant height) of sugarcane variety RB93509 in plant and ratoon crop for the region of Rio Largo, Alagoas. Furthermore, the model had good performance in simulations of some water balance components as evaporation, transpiration and crop evapotranspiration. Thus, these results allow us to use the DSSAT model to develop climate and management scenarios to better understand sugarcane agrosystem and relate it to other studies involving, for example, the effects of climate change on their potential yield. So, we concluded that DSSAT model has great potential to simulate sugarcane growth variables and its use should be expanded to other locations in the Zona da Mata region of Brazil.
It was concluded that the best planting time for sugarcane in the region of Rio Largo-AL was on October 30. However, this condition can be influenced by the occurrence of El Niño and La Niña events of strong intensity, modifying the normal patterns of the best planting time. In El Niño and La Niña years of strong intensity, the best planting time was on January 15 and September 30, respectively. sugarcane for the region study, as well as all simulations for different plant times. All other authors participated in the writing process of the article.
